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Abstract: Crystal calorimeters have a long history of pushing the frontier on high-resolution elec-
tromagnetic (EM) calorimetry for photons and electrons. We explore in this paper major innovations
in collider detector performance that can be achieved with crystal calorimetry when longitudinal
segmentation and dual-readout capabilities are combined with a new high EM resolution approach
to PFA in multi-jet events, such as e+e+ → HZ events in all-hadronic final-states at Higgs fac-
tories. We demonstrate a new technique for pre-processing pi0 momenta through combinatoric
di-photon pairing in advance of applying jet algorithms. This procedure significantly reduces pi0
photon splitting across jets in multi-jet events. The correct photon-to-jet assignment efficiency
improves by a factor of about 3 when the EM resolution is improved from 15 to 3%/√E . In addi-
tion, the technique of bremsstrahlung photon recovery significantly improves electron momentum
measurements. A high EM resolution calorimeter increases the Z boson recoil mass resolution in
Higgstrahlung events for decays into electron pairs to 80% of that for muon pairs. We present the
design and optimization of a highly segmented crystal detector concept that achieves the required
energy resolution of 3%/√E , and a time resolution better than 30 ps providing exceptional particle
identification capabilities. We demonstrate that, contrary to previous detector designs that suffered
from large neutral hadron resolution degradation from one interaction length of crystals in front of
a sampling hadron calorimeter, the implementation of dual-readout on crystals permits to achieve
a resolution better than 30%/√E ⊕ 2% for neutral hadrons. Our studies find that the integration
of crystal calorimetry into future Higgs factory collider detectors can open new perspectives by
yielding the highest level of combined EM and neutral hadron resolution in the PFA paradigm.
Keywords: Calorimeter methods, Calorimetry, crystals, dual-readout, PFA, Timing detectors,
Particle identification methods, Pattern recognition, cluster finding, calibration and fitting methods
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1 Introduction
The compelling physicsmotivations for future collider experiments – that will follow theHigh Lumi-
nosity LHC era – inspire requirements on their accelerator infrastructure and detector performance.
Precise measurements of the Higgs boson properties, along with those of the mediators of the weak
interaction, the W and Z bosons, will provide critical tests of the underlying fundamental physics
principles of the Standard Model (SM) and are vital in the exploration of new physics beyond the
SM (BSM). Such goals represent major milestones for future electron-positron collider proposals,
such as the Circular Electron Positron Collider (CEPC) [1, 2] in China, the Future Circular Collider
(FCC-ee) [3] at CERN, and the International Linear Collider (ILC) [4]. An electron-positron (e+e−)
Higgs factory has also been recognized by the 2020 Update of the European Strategy for Particle
Physics as the highest-priority next collider [5].
To fully exploit the potential of collider, the use of complementary and diverse detector
technologies is the best approach to efficiently achieve the performance requirements necessary for
different physics goals. In this context, thanks to major technological progress in the last decades,
crystal calorimetry can offer unique advantages in the design of a new concept of collider detector
that merges the features of homogeneous calorimetry with the particle-flow approach [6, 7].
The combination of high granularity with excellent energy resolution and intrinsic dual-readout
capabilities may be an extremely powerful tool to further enhance the performance of Particle-Flow
Algorithm (PFA) on which future collider detectors will have to rely. Beside the obvious gain in jet
energy resolution from a precise measurement of the neutral particles within the jet, as summarized
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in Section 2, we discuss two examples where a EM resolution at the level of 3%/√E yields
significant performance gains with respect to a EM resolution in the range of 15− 30%/√E . These
are the recovery of photons from bremsstrahlung to improve electrom momentum measurement
and the clustering of photons into the mother pi0’s to improve jet reconstruction, as presented
in Section 3. In particular, we demonstrate a new technique for pre-processing pizero momenta
through combinatoric di-photon pairing in advance of applying jet algorithms. This procedure
significantly reduces the effective angular spread and the sharing of photons from pi0 decay between
reconstructed jets in multi-jet events.
We then present, in Section 4, a calorimeter concept consisting of a two-layer minimum ion-
izing particle (MIP) timing detector based on thin crystals combined with a segmented crystal
electromagnetic calorimeter that features excellent particle identification capabilities. Homoge-
neous crystal calorimetry is not limited by sampling fluctuation and can thus provide an energy
resolution to photons and electrons at the level of 3%/√E . We also demonstrate that contrary to
previous detector designs that suffered from large neutral hadron resolution degradation from one
interaction length of crystals in front of a sampling hadron calorimeter, such as the L3 BGO [8]
and CMS PbWO4 [9], the implementation of dual-readout on crystals can maintain exceptional
neutral hadron performance of better than 30%/√E ⊕ 2%, comparable to that of a fiber-based dual-
readout calorimeter [10]. Furthermore, this performance is maintained in a configuration where a
thin solenoid is inserted between the electromagnetic (ECAL) and hadronic (HCAL) calorimeter
compartments. We show that this configuration yields excellent electromagnetic (EM) resolution
for low energy photons, while EM showering in the crystals reduces lateral shower spread due to
the hadron calorimeter large Molière radius.
2 Key calorimeter parameters for Particle Flow algorithms
The vast majority (97%) of the SM Higgstrahlung signal at a e+e− collider with center of mass
energy around 250 GeV has jets in the final state. About one-third of the events has only two jets,
while the rest have final states with 4 or 6 jets and need color-singlet identification, i.e. grouping the
hadronic final-state particles into color-singlets (Z, W, H, ...) [2]. For instance, a typical benchmark
requirement of future collider experiments is to achieve a jet energy resolution at the level of 3% at
50 GeV, enabling the separation of W and Z dijet decays with a 2.5 − 3σ confidence level.
An important figure of merit for collider detectors performance is the jet angular and energy
resolution. However, due to the rather complex nature of such objects, the jet energy resolution
relies on the combined performance of all subdetectors (mostly tracker and calorimeters) and on
the algorithm used to cluster the jets.
To briefly illustrate this aspect, Figure 1 shows the relative contribution to jet energy from
different particles: photons, neutrinos, neutral hadrons, charged leptons, and charged hadrons.
The results are shown for a sample of Z → bb events from e+e− collisions at 250 GeV from the
HepSim repository [11]. Data are analyzed using the HepSim package, and Monte Carlo truth jets
are reconstructed with the Durham algorithm (with ycut = 0.05) and required to have a minimum
transverse momentum, pT, of 10 GeV.
After the decay of short-lived particles, more than half of the jet energy is from charged hadrons
whose energy can be precisely measured with the tracker. Roughly 13% consists of long-lived
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Figure 1. Left: relative contribution of different particles (photons, neutrinos, leptons, neutral hadrons,
charged hadrons) to the jet energy. Right: energy distribution of different particle types clustered within jet.
neutral hadrons (e.g. n, n¯ and K0L), and about 26% is made of photons. Such neutral components of
the jet have to be measured by the calorimeters with good precision. This is particularly true since
the majority of photons and hadrons clustered within a jet have relatively low energy as shown in
Figure 1, and thus the stochastic term of the calorimeter energy resolution has to satisfy rather tight
requirements. In particular, the neutral hadron component is dominated by neutrons and long-lived
neutral kaons, K0L , with mean energy of about 5 GeV, while the photons have a mean energy below
2 GeV.
We estimated the corresponding impact of either hadronic or electromagnetic particle energy
resolution to the jet resolution by smearing the momenta of the particles used by the jet clustering
algorithm, for different levels of calorimeter energy resolution. Since, as discussed in [6], the energy
distributions of jets reconstructed with the Pandora algorithm can feature non-Gaussian tails, we
quantify the resolution as the effective sigma, σe f f ,X , i.e. half of the smallest interval containing a
fraction X of the unbinned event distribution, with X = 0.68 (or 0.90 to show the impact of tails).
Figure 2 shows that to maintain the contribution from the calorimeters to the jet energy
resolution below 3% at 50 GeV, it is in general required to measure the photons with a EM resolution
better than 20%/√E (∼ 1.5% on jet) and the neutral hadron component should be measured with
a resolution better than 45%/√E (∼ 2.2% on jet). Beside an excellent energy resolution, other key
calorimeter parameters that are relevant for an optimal performance of the PFA algorithms are:
• a small Molière radius, RM (radius of the cylinder containing 95% of the EM transverse
shower development), to provide better separation of EM calorimeter clusters by keeping the
shower lateral development as narrow as possible;
• a transverse segmentation similar to the Molière radius (at shower maximum) or smaller (at
the early stage of shower development);
• some level of longitudinal segmentation to exploit different shower profiles at different depths
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Figure 2. Contribution to the total jet energy resolution from the EM (left) and hadronic (right) energy
resolution in HZ→ bb¯νν¯ events, quantified as σe f f ,X , i.e. half of the smallest interval containing a fraction
X of the unbinned event distribution, with X = 0.68 (or 0.90).
and enhance particle separation and identification capabilities.
In particular, it has been shown that the PFA performance for a Si-W sampling calorimeter is
similar for a number of equally partitioned EM longitudinal layers between 4 and 30, and degrades
when the number of longitudinal layers is smaller than 4 [12]. A precise measurement of time for
both charged particles (before the calorimeters) and for calorimeter clusters can further improve the
performance of PFA, reduce effects of pileup and jets overlap and improve the hadronic calorimeter
performance.
3 Performance gains specific to high-resolution EM calorimetry
In Section 2we briefly discussed the key aspects driving the performance of particle-flowalgorithms.
Beyond the advantages of a high-resolution calorimeter in improving jet energy resolution by
precisely measuring the neutral component, there are additional performance gains that become
available with an energy resolution for EM particles at the level of 3-5%/
√
E . We report in
Sections 3.1 and 3.2 two examples: the possibility to recover the electron energy loss due to
bremsstrahlung radiation thus improving the momentum measurement provided by the tracker and
the possibility to pair up photons originating from pi0 decays thus enhancing the performance of jet
clustering algorithms.
3.1 Recovery of photons from bremsstrahlung
At typical collider detectors, a strong magnetic field is present, and a tracker with a material budget
equivalent to 0.1− 1.0 radiation lengths (X0) is located before the calorimeters. In such conditions,
the measurement of the electron energy in the electromagnetic calorimeter is challenged by the
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Figure 3. Left: fraction of the total energy lost by 45 GeV electrons through bremsstrahlung radiation
within the tracker volume (before reaching the calorimeter) for different scenarios of tracker material budget.
Right: contribution to the resolution of the electron momentum at vertex due to bremsstrahlung assuming the
energy of photons emitted within the tracker volume are measured by calorimeter with a certain stochastic
term of energy resolution.
electrons losing energy in the form of bremsstrahlung radiation while traversing the silicon layers
of the tracker.
Clustering algorithms, which identify energy deposits by bremsstrahlung photons in the ECAL,
are essential for recovering such energy losses and improving the momentum measurement from
the tracker, especially for energies in the 7-30 GeV range, as demonstrated in [13] for the CMS
ECAL. Above 30 GeV the precision on the electron energy is mainly dominated by the resolution
of the ECAL. A standalone Geant4 simulation [14] was used to study this effect as a function of
the material budget from the tracker, simulated as seven silicon layers in a 3T magnetic field. The
amount of electron energy lost through bremsstrahlung within the tracker volume (before reaching
the calorimeter) has a strong dependence on the thickness of the tracker in radiation lengths, as shown
in Figure 3 for 45 GeV electrons. Assuming a clustering algorithm, such as those currently used by
the CMS and ATLAS reconstruction software, is used, the degradation of the electron momentum
resolution will depend on the ECAL capability to precisely measure the energy of bremsstrahlung
photons. By adding to the electron momentum measured at the ECAL all the energies of the
photons (ΣEγ
brem
), with the addition of a Gaussian smearing defined by the ECAL resolution, the
contribution to the electron momentum resolution at vertex due to bremsstrahlung can be estimated.
The result is shown in the right plot of Figure 3 for 45 GeV electrons. A calorimeter with energy
resolution at the level of 3%/√E can reduce the contribution of bremsstrahlung radiation to the
electron momentum measurement below 0.4% for a tracker material budget of 0.4 X0, compared to
a contribution of about 2% for a calorimeter with resolution of about 30%/√E .
For the physics program of future e+e− colliders, it is crucial to reconstruct the Higgs boson
in Higgstrahlung events (e+e− → ZH) by measuring the mass of the system recoiling against the
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Z boson. Both the mass and the width of the Higgs boson can be inferred by the distribution of
the recoil mass, as it has a peak corresponding to the Higgs boson mass. The highest resolution
in the recoil mass peak can be achieved with the Z boson decaying to a pair of leptons (µ+µ− or
e+e−). As shown in Figure 11.3 of [2], compared to the Z → µ+µ− decay, the analysis of the
Z → e+e− decay is affected by additional background contributions due to Bhabha scattering and
single boson production. In addition, the measurement of the electron momentum is limited by
bremsstrahlung from the electron passing through the beampipe and tracker material that leads
to a more pronounced high-mass tail in the signal distribution. Starting with a track momentum
measurement of 0.3% for 45 GeV muons, as a benchmark, and quantifying the bremsstrahlung
recovery performance shown in Figure 3 for a tracker material budget of X/XTRK0 ≤ 0.4, an EM
resolution of order 3%/√E would allow the precise measurement of the energy of photons from
bremsstrahlung and thus improve the resolution of the recoil mass signal from e+e− pairs to 80%
of that for muon pairs.
3.2 Clustering of pi0 photons in multi-jet events
Another possibility enabled by high-resolution EM calorimeter is the possibility of reconstructing
pi0’s decaying into pairs of photons, which is an additional tool to further enhance the performance
of jet reconstruction algorithms in particular for event topologies featuring 4 or 6 jets. The potential
of such a tool has been investigated using the HepSim software package and repository and the
procedure described in the following.
Angular distribution of particles within jets About 26% of the jet energy is made of
photons, of which about 90% originates from the decay of a pi0-meson within the tracker volume
and about 7% from the decay of η-mesons. These photons are emitted with an average angle of
about 20 degrees with respect to the direction of the mother pi0 particle and thus cause an additional
widening of the particles within a jet. Figure 4 shows, for different types of particle within a jet, their
angular aperture, defined as the angle between the particle momentum, measured at the vertex, with
respect to the direction of the reconstructed jet. If photons were first clustered into corresponding
pi0’s, the angular distribution of the clustered pi0’s would then follow the same distribution as
the charged hadrons (mainly pi±’s). It should be noted that low momentum charged hadrons are
substantially deflected by the magnetic field and would not be clustered efficiently within a jet
based only on their calorimetric energy despositions. The PFA approach makes use of the tracker
measurement to reconstruct the momentum of the charged hadron at vertex, therefore eliminating
the confusion that would be otherwise created by the bending effect. The angular distribution of
charged hadrons shown in Figure 4 is thus calculated using the particle momentum at vertex.
For jets constructed, for simplicity, using a simple cone algorithm, the loss of particles outside
the cone affects the reconstructed jet energy resolution. The resulting resolution as a function of
cone size is shown in the left plot of Figure 5. The photon angular spread is larger than that of
charged hadrons, such that if one were to exclude from the clustering particles outside a 20 degrees
angle cone, the impact on the jet energy resolution from the rejected photons would be 6% instead
of 4% as for the case of charged hadrons.
While for the events with 2-jet topologies this is not critical, in events with 4 or 6 jet topologies
the average minimum angular separation between jets is much smaller, peaking around 50 and 30
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Figure 4. Left: relative energy contribution at a given angle with respect to jet momentum for different
particle types within a jet. Right: comparison of photon angular distribution within jet with the distributions
of charged and neutral pions. Jets from the decay of the Z boson to bb¯ and pT between 35 and 45 GeV are
used.
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degrees respectively. In such event topologies, a substantial fraction of the events have jets closer
than 30 degrees, as shown in the right plot of Figure 5. This means that roughly one-third of the
multi-jet Higgs physics is impacted by the low energy photon annulus.
Performance of the pi0 clustering algorithm In event topologies featuring 4 or 6 jets, the
probability that photons from pi0’s get scrambled across jets increases with respect to 2-jets events,
thus degrading the jet resolution relative to the hadron-based (pi±, pi0, etc.) jet energy. We therefore
evaluate a technique for pre-processing pi0 momenta through combinatoric di-photon combinations
in advance of applying jet algorithms. Such a technique is particularly powerful with a high-
resolution EM calorimeter. We found that this procedure significantly reduces the effective angular
spread and particle sharing across jets of photons from pi0 in multi-jet events.
The average number of photons with energy above 100 MeV involved in multi-jet event
topologies grows from about 20 for 2-jet events to about 40(50) for 4(6)-jet events. The number of
potential solutions when considering all candidate pi0’s (all possible photon pairs) can thus be very
large. As proposed in [15], a natural way to approach such a problem is to use methods from graph
theory. In particular, to identify the set of photon pairs that better matches their parent pions, we
build a graph in which each node (vertex) is a photon. Each edge between nodes thus represents a
potential pairing of photons. By assigning to each edge a weight defined as the chi-squared between
the invariant mass of the photon pair and the pi0 mass, the solution of the problem is the one that
minimizes the sum of the edge weights while using each node (photon) at most once.
To account for the fraction of photons (∼ 10%) that do not originate from pi0 (spare photons)
and thus should not be paired, we exploit the method suggested in [16] that involves the creation of
a new duplicate graph and allows for photons to go unmatched. We then use an implementation of
Edmonds’ algorithm [17] called Blossom V [18], as provided by the NetworkX Python package
[19], which can solve the graph in polynomial time. The algorithm has been tested on samples from
the HepSim repository featuring respectively 2, 4 and 6 jets event topologies:
• HZ → bb¯νν¯,
• HZ → bb¯qq¯,
• HZ → ZZZ → qq¯qq¯qq¯ .
Different assumptions of the calorimeter resolution to EM particles have been compared by
smearing the energy of Monte Carlo truth particles with a stochastic term parameterized by A/√E ,
with A in the range from 0 to 30%.
To reduce computational time and increase the matching efficiency, a set of constraints can
be imposed on the edges. Such constraints represent an underlying graph structure which defines
which edges can be considered by the algorithm in the optimization process. We consider the
following variables to discriminate between true and fake photon pairs:
• the invariant mass of the two photons, Mγγ = 4E1E2 sin2(α/2) (with α being the angle
between the two photons);
• the angular distribution of the leading photonmomentum in the rest frame of the reconstructed
pi0, with respect to the pi0 momentum in the lab frame: cos[θ(γ1RF, pi0LB];
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Figure 6. Left: distributions (normalized to the maximum) of the combinatoric di-photon invariant mass
for different event topologies assuming a calorimeter with 3%/√E energy resolution to photons. Right:
distributions (normalized to the integral) of the combinatoric di-photon invariant mass for HZ → bb¯qq¯qq¯
events varying the EM energy resolution of the calorimeter.
• the Lorentz boost of the reconstructed pi0: Epi0/Mpi0 .
Depending on the EM resolution of the calorimeter, the peak corresponding to pi0 photons will
be more or less resolved on top of the combinatorial background of the invariant mass from possible
photon pairs. This is shown in Figure 6 for different event topologies and different EM energy
resolutions. In particular, we apply a constraint on the invariant mass of the photon pair belonging
to a given edge to be within ±3σpi0EM around the true pi0 mass (where σpi
0
EM is the resolution of the pi
0
peak for a given calorimeter EM resolution), which thus includes 99.73% of the signal events. The
fraction of background will depend on σpi0EM . For a poor EM resolution, the number of photon pairs
from combinatorial background included in such a window grows very quickly as the acceptance
window on the diphoton invariant mass becomes wider. The algorithm computational time and the
fraction of wrong photon pair matched thus increases to a level where the probability of a correct
photon pairing is smaller than 50% as shown in Figure 8.
To reduce the contribution from the combinatorial background, additional cuts can be applied
on the Lorentz boost factor (Epi0/Mpi0) and on the angle between the leading photon momentum
(highest energy in the pair) in the rest frame with respect to the reconstructed pi0’s momentum in
the lab frame, cos[θ(γ1RF, pi0LB)]. In the rest frame, the two photons are emitted back-to-back and
isotropically. This yields a distribution that is flat for photons from real pi0’s, while it is strongly
peaked around one for the combinatoric background. The distributions of cos[θ(γ1RF, pi0LB)], the
Lorentz-boost factor of the reconstructed pi0 and the reconstructed invariant mass of photon pairs
are shown in Figure 7 for the combinatorics of all photons (background) and for just photon pairs
from real pi0’s. Additional cuts on this variable to further constrain the graph structure have a direct
impact on the signal efficiency, i.e. the fraction of photon pairs correctly clustered decreases. For
poor EM resolutions, however, the simultaneous decrease of incorrectly clustered photon pairs can
– 9 –
HepSim HepSim
Figure 7. Distribution of cos[θ(γ1RF, pi0LB)] (left) and Lorentz boost factor (right) for all photon pairs in the
event (black), for all photon pairs that pass the selection cut based on the di-photon invariant mass and for
photon pairs from real pi0’s (green) for HZ → bb¯qq¯qq¯ events.
be beneficial for the photon-to-jet assignment efficiency to the limit where no photons are clustered
and the choice of whether to cluster a photon within a jet is entirely left to the jet clustering algorithm
(no gain and no degradation from the pi0 clustering algorithm).
As shown in Figure 8, the performance of the pi0 clustering algorithm strongly depends on
the calorimeter EM resolution. The impact of imposing an additional cut on the photon angular
distribution (from Figure 7) to reduce the combinatorial background contribution is shown in the
left plot of the figure. For energy resolutions at the level of 3%/√E or better, there is no gain from
this additional cut. For poorer energy resolutions the requirement cos[θ(γ1RF, pi0LB)] < 0.96 − 0.98
slightly improves the fraction of pi0’s that are correctly reconstructed. For perfect energy resolution,
all pi0’s are correctly reconstructed and no photons are incorrectly clustered. For poorer energy
resolutions, the algorithm tends to cluster all photons, including the ones that do not originate from a
real pi0 decay. A very high efficiency of about 80% in correctly pairing photons from pi0 is achieved
for a calorimeter resolution of 3%/√E while for a calorimeter EM resolution of 30%/√E less than
50% of the pi0 are correctly reconstructed. In addition, the fraction of photons that are incorrectly
clustered as a pi0 increases from less than 20% up to about 60%. For a calorimeter resolution worse
than 15%/√E , the majority of photons are incorrectly clustered into pi0’s.
Improvements in correct photon-to-jet assignment We then explored the impact of the
photon clustering algorithm in improving the efficiency of correctly assigning a photon to the
corresponding jet. We do this by comparing the particles clustered within a jet using the Jade
algorithm for three different cases:
1. Standard: the jet clustering algorithm utilizes with all photons present in the events (without
any pi0 clustering);
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Figure 8. Left: fraction of pi0’s correctly reconstructed from photon pairing for different EM resolution
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2. Ideal: the jet clustering algorithm utilizes with true pi0’s based on Monte Carlo truth (instead
of photons from pi0 decays) and with spare photons (not originated from a pi0 decay);
3. Pre-clustering of pi0’s: the jet clustering algorithm utilizes with pi0’s clustered using the
algorithm presented above and with spare photons (which have not been clustered into pi0’s
by the algorithm);
For each jet in the event, we count howmany photons are correctly assigned to the corresponding
jet, i.e. the jet to which they get assigned in the ideal case (2) (that uses real pi0’s from Monte Carlo
truth). We then compare the fraction of photons that are correctly assigned to a jet with and without
the use of the pi0 clustering algorithm: cases (3) and (1) respectively.
For a perfect EM energy resolution (i.e. no smearing of the photon energy applied), the pi0
clustering algorithm yields substantial improvements in the photon-to-jet assignment. The gain is,
as expected, more pronounced for the event topologies with 4 or 6 jets, where standard algorithms
are more affected by particles scrambled across jets. We then compare the performance of the
algorithm assuming different energy resolutions for the calorimeter by applying a smearing to the
photon energy in the 3%−30%/√E range. As shown in Figure 9 and 10, the algorithm performance
degrades quickly once the calorimeter resolution is larger than 3-5%/√E . As discussed earlier,
this is strongly connected to the increasing fraction of fake pi0’s clustered by the algorithm, which
actually deteriorates as a confusion term the performance of the jet clustering algorithm.
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Figure 9. Distribution of the fraction of photons that are correctly assigned to a jet in HZ → qq¯qq¯qq¯
events with and without the use of the pi0 clustering algorithm for all jets and the worst jet in the event and
for a EM resolution of 15%/√E (left) and 3%/√E (right).
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Figure 10. Frequency of events where photons are perfectly assigned to the corresponding jet as a function
of the number of jets in the event, assuming a calorimeter resolution of 3%/√E (left), and as a function of
calorimeter EM resolution in the case of the HZ → qq¯qq¯qq¯ sample (right).
4 Optimization of a hybrid segmented dual-readout calorimeter
In Section 2, some of the key criteria for the optimization of a calorimeter design to achieve the jet
energy resolution goal when using the particle flow algorithm have been introduced. In addition, it
was shown in Section 3, that an electromagnetic calorimeter capable of measuring photons with an
energy resolution of 3 − 5%/√E enables novel approaches for improving particle reconstruction.
Based on such considerations, we propose in the following a segmented calorimeter design
that combines excellent timing capabilities and energy resolution by exploiting the potential of
scintillating crystals and new photodetectors. We then show how such a system can be effectively
integratedwith hadron calorimeters that feature dual-readout capabilities to achieve excellent energy
resolution for neutral hadrons.
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4.1 Overview of the calorimeter layout
The proposed calorimeter concept consists of two highly segmented timing layers, a 2-layer crystal
ECAL with dual readout, followed by an ultrathin-bore solenoid and a hadron calorimeter with
dual-readout capabilities. A sketch of the overall calorimeter system, implemented in a Geant4
simulation, is shown in Figure 11 and discussed in the following. A tracker layout inspired by
the one proposed for the CEPC detectors is used, made of seven layers, for an integrated material
budget of about 0.1 X0 and radial dimensions of about 1.9 m.
The Segmented Crystal Electromagnetic Precision Calorimeter (SCEPCal) consists of two thin
layers (T1,T2) of a fast and bright scintillator (e.g. LYSO:Ce crystals) providing time tagging
of MIPs with a precision of 20 ps (timing part), followed by a two segments (E1,E2) of a dense
crystal with dual-readout capabilities (e.g. PbWO4, BGO or BSO) for precise measurements of
electromagnetic showers (ECAL part). Space for cooling, readout and other services is allocated in
the front and the back of both the timing and ECAL part, simulated as an Aluminum layer of 3 mm
thickness. In such a configuration, no dead material is present between the two ECAL segments,
thus avoiding any disruption in the sampling fraction in the location where the maximum of the
electromagnetic showers occurs.
An ultrathin-bore superconducting solenoid, similar to the one designed for the so-called IDEA
detector [20] is placed between the SCEPCal and the HCAL section. In this way, the solenoid radius
and cost are contained, while its material budget (although limited to less than 0.7 X0) does not
affect the SCEPCal energy resolution for electromagnetic showers.
Several designs that implement the dual-readout calorimeter concept based on the use of both
scintillators and quartz (Cherenkov sensitive), with possibly a third neutron-sensitive material (e.g.
hydrogen-rich) have been proposed. The active material could be in the shape of fibers embedded in
an absorber groove and extending in the longitudinal direction or in the shape of tiles forming active
layers interleaved with absorber layers. In both cases, a key parameter for an optimal performance
is the sampling fraction, i.e. the ratio of the fraction of the shower energy deposited in the active
material to that in the passive material and the dimension or frequency of active sampling, as
discussed in Section 4.4.
In this work, we use a geometry similar to that proposed by the IDEA collaboration [21] in
which sensitive fibers of 1 mm diameter are inserted into brass tubes with outer (inner) diameter
of 2.2 (1.1) mm. This option provides a fill factor of about 90% with a sampling fraction of about
2% and has potential advantages for the practical implementation of such a detector. For a given
sampling fraction, the fiber geometry uniformly samples the shower over its entire longitudinal
development and represents thus a practical way to reduce the number of channels while keeping a
high transverse segmentation.
The hybrid calorimeter layout shown in Figure 11 features, in total, 5 longitudinal segments.
In particular, the 4 longitudinal layers of the SCEPCal (T1,T2,E1,E2) bring an advantage for PFA
with respect to a monolithic HCAL block with no longitudinal segmentation. It should be noted that
some level of longitudinal segmentation in the HCAL could be achieved virtually by implementing,
for instance, double-ended readout of the fibers and exploiting the difference in the light signal
arrival time between the front and rear readout to infer the average longitudinal location of the
shower.
– 13 –
1X0 6X0 16X0 0.7X0
8λ I0.16λ I~1λ I
Solenoid
Dual readout HCAL
T1
T2
E1
E2SCEPCal
Cherenkov fibers
Ø = 1.05 mm
Scintillating fibers
Ø = 1.05 mm
Brass capillary
ID = 1.10 mm, 
OD = 2.00 mm
Figure 11. Overview of a hybrid segmented calorimeter layout featuring 4 front segments which exploit
scintillating crystals for detection of EM showers followed by an ultrathin-bore solenoid and a hadron
calorimeter based on scintillating and quartz fibers.
In this work, we focus on the optimization of the SCEPCal section and a first demonstration of
how it can be integrated with a dual-readout HCAL.While the optimal resolution for neutral hadrons
is achieved using a dual-readout HCAL, the SCEPCal could be similarly integrated with other more
conventional HCAL designs with longitudinal segmentation and no dual-readout. We also discuss
some of the parameters that have been studied to evaluate possible performance optimization with
respect to cost and power budget. Some of the considered factors include the length of the crystal,
the transverse and longitudinal segmentation and the active area of the photodetectors.
The photodetectors of choice for the entire calorimeter system are Silicon Photomultipliers
(SiPMs), a very compact and robust solution immune to magnetic field effects. Developments
over the last decade have been such that the dimension of the cells (SPADs = single avalanche
diodes) constituting the SiPM can be produced as small as 5 µm [22]. Standard cell pitches of
10 − 15 µm provide a large dynamic range spanning from single photon counting to more than 105
photoelectrons for devices of few mm2 active area. Improvements in the cell layout and electric
field design for small cell size devices are now part of industrial production processes at many
manufacturers and can provide a large photon detection efficiency (up to 40-50% for 15 µm cell
size) in a wavelength range extending from the Near-UV (300 nm) [23] or Vacuum-UV (175 nm)
[24] to the infrared (900 nm) [25]. SiPMs are a flexible technology that can be manufactured
in different sizes and its key parameters can be optimized for each calorimeter section to achieve
the desired performance within contained cost. In addition, the large gain of SiPMs (of order
105-106) allows simpler, less expensive readout electronics and lowers the noise contribution to the
calorimeter performance to a negligible level.
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Figure 12. Implementation of the hybrid calorimeter system described in Figure 11 in a 4pi detector
geometry. The layers of the detector from the inner one to the outer one are: crystal timing layers T1 and T2
(green), crystal ECAL layers E1 (light blue) and E2 (white), solenoid (red), dual-readout fiber calorimeter
(yellow).
The details and highlights of each longitudinal calorimetric compartment are discussed in
the respective sections below. A possible implementation of such a combined hybrid calorimeter
system in a 4pi detector geometry is shown in Figure 12.
4.2 Timing layers
The potential of exploiting time as a fourth dimension in the event reconstruction at colliders has
a long history. However, recent technological developments on several fronts have enabled time
resolutions that are orders of magnitudes better than the previous generation of collider detectors.
This new possibility triggered the interest of several groups in the High Energy Physics (HEP)
community and of many industries involved in the production of silicon detectors and scintillators,
thus further boosting developments in this direction.
Proof-of-principle that 30 ps time resolution for MIP tagging is achievable was demonstrated
in test beam for a wide range of sensors: e.g. low gain and deep depleted avalanche diodes [26, 27],
microchannel plates [28], micropattern gas detectors [29] and scintillating crystals coupled to SiPMs
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[30, 31]. Although excellent time resolution has been measured on single small devices, the path
towards the instrumentation of large area detectors present additional challenges.
In the particular case of collider detectors, cost, power consumption and radiation tolerance set
additional stringent constraints on current state-of-the-art timing sensors. Among the technologies
mentioned above, the one consisting of a scintillating crystal coupled to a SiPM represents a flexible
option with intrinsic advantages towards the scalability to large areas and has, for instance, been
selected for the instrumentation of the CMS barrel MIP Timing Detector [32]. A similar approach
is also used for the PANDA TOF detector [33] where a plastic scintillator, in the shape of elongated
plates, is used.
Based on similar concepts, the first part of the proposed SCEPCal detector consists of two thin
layers (T1 and T2) with the capability to measure single MIPs with a time resolution of about 20 ps.
Each layer is made of inorganic scintillator square fibers close to each other. The cross section of the
fibers is about 3 × 3 mm2 while the length can be tuned in the range from 5 to 10 cm with minimal
impact on the light collection efficiency and timing performance. We use in the following 10 cm
long fibers to cover the equivalent of a module of 10 × 10 1 × 1 cm2 crystals in the ECAL that is
described in Section 4.3. Each fiber is readout on both sides by a SiPM, and the combination of the
time stamps from both photodetectors is then used to extract the time information. The thickness
of the fibers in each layer is about 3 mm, corresponding to about 0.4 X0 per layer.
The layers are rotated by 90 degrees with respect to each other in a way to consitute a x-y grid
with a granularity of few millimeters, and thus provides a powerful tool for PFA algorithms. The
use of two layers improves the system time resolution by a factor of 1/√N (with N = 2) with respect
to a single layer, and enhances the particle identification capability of the SCEPCal as described in
Section 4.3.
The potential uses of MIP tagging with a time resolution at the level of tens of picoseconds can
span from pileup mitigation in high rate colliders (e.g. high luminosity hadron colliders like the
HL-LHC or in high background as expected in a muon collider) to the opening of new possibilities
for identification of charged hadrons through time-of-flight down to low energies and for searches
of long-lived particles [32].
4.3 Segmented crystal ECAL features
Homogeneous crystal calorimeters for high energy physics applications can provide the best energy
resolution for photons and electrons, which is driven by the extremely low stochastic term achieved
with a sampling fraction of EM showers close to unity. The addition of the higher granularity
crystal segmentation (both transversally and longitudinally) is a natural direction for future crystal
calorimetry as it can open new ways for improving particle reconstruction in the PFA paradigm.
There have been many developments in the field of crystal technology in the last few decades,
including the discovery of very bright inorganic scintillators that exploit band-gap engineering to
enhance their timing properties, e.g. garnet scintillators (e.g. YAG, LuAG, GAGG) [34, 35]. In
parallel, new crystal production techniques tailored to provide higher quality and more granular
crystals at a contained cost have also been developed (e.g. MPD and transparent ceramics) [36, 37].
For the design optimization of a highly granular calorimeter capable of exploiting the PFA
potential for event reconstruction, the Molière radius (RM ) and radiation length (X0), which defines
respectively the size of the transverse and longitudinal development of EM showers, are key
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Table 1. Comparison of some of the key crystal properties for HEP applications. From left to right: crystal
name, density, interaction length, radiation length, Molière radius, light yield relative to that of PbWO4,
scintillation decay time, photon time density and estimated cost for mass production.
Crystal ρ λI X0 RM LY/LY0 τD Photon density Est. cost
[g/cm3] [cm] [cm] [cm] [a.u.] [ns] [photons/ns] [$/cm2/X0]
PbWO4 8.3 20.9 0.89 2.00 1 10 0.10 7.1
BGO 7.1 22.7 1.12 2.23 70 300 0.23 7.8
BSO 6.8 23.4 1.15 2.33 14 100 0.14 −
CsI 4.5 39.3 1.86 3.57 550 1220 0.45 8.0
parameters driving the crystal choice. Conversely, the crystal light yield tends to be a less crucial
factor since the energy deposits typical of homogeneous crystal calorimeters for high energy physics
applications are in the GeV range, about three order of magnitudes larger than other commercial
applications such as Positron Emission Tomography. The performance of crystals with very low
light yield (e.g. PbWO4) for homogeneous calorimetry is only marginally affected by photostatistics
fluctuations, and thus other parameters related to the physics of high energy EM showers play amore
crucial role. Another recurring parameter which becomes relevant when large detector volumes
need to be instrumented is the cost of the crystal, which is affected mainly by its raw material and
the melting temperature required to grow the ingots [36].
A comparison of a few scintillators, namely lead tungstate (PbWO4), Bismuth Germanate
(BGO), Bismuth Silicon Oxide (BSO) and Cesium Iodide (CsI), is given in Table 1, to provide an
example of the range of parameters that crystal technology can span. More examples can be found
in [38]. For the specific goal of developing a segmented crystal ECAL for e+e− colliders, where
radiation levels are several order of magnitudes smaller than those of hadron colliders, we consider
PbWO4 and BSO as two of the best candidates, based on the criteria discussed above.
Segmentation Typical electromagnetic calorimeters proposed for future colliders are based
on thin active silicon pads within a tungsten sandwich, Si-W, and feature a large number of
longitudinal layers ranging between 20 and 40. This is necessary to achieve a sufficient sampling
fraction of the shower and maintain the stochastic term of energy resolution around 20-30%. It was
recently shown [12], that a reduction of the number of longitudinal layers from 30 to 4 has only a
minor impact on the BMR (Higgs mass resolution with full hadronic final state + standard cleaning)
at 240 GeV, once the effect of sampling fraction is factored out. The need of such a granular
longitudinal segmentation in Si-W detector is thus mainly motivated by achieving a sufficient
sampling fraction to keep the contribution from stochastic shower fluctuations below 30%/√E .
The SCEPCal features a total of 4 longitudinal layers. The two front timing layers provide
mostly particle identification capabilities based on high sensitivity to MIPs. The two ECAL layers
measure with precision the electromagnetic showers by avoiding any dead material between the two
segments where the shower maximum occurs. The front segment enables better shower separation,
crucial for PFA, since the effective shower radius in the first segment is only about half the Molière
radius as can be observed from Figure 13.
The transverse granularity of a SCEPCal readout element is set to less than half of the crystal
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Figure 13. Transverse separation of two photons emitted with an angle of about 3 degrees, in the front
and rear layer of the crystal ECAL (with PbWO crystals), for different scenarios of transverse segmentation
(5 × 5 mm2, 10 × 10 mm2, 20 × 20 mm2).
Molière radius, thus about 1 cm for PbWO4. This provides a containment of about 65% of the
shower within one cell (front+rear segment) for particles impacting in the center of the crystal.
Increasing further the transverse segmentation would have marginal gain for PFA algorithms since
the capability of shower separation would remain limited by the intrinsic shower radius [6].
For comparison with a (Si-W) ECAL, it should also be noted that while very dense absorber
materials feature small RM (e.g. ≤ 1 cm for Pb and W), when the longitudinal layers, made of
silicon with their associated readout electronics and air gaps, are included, the effective shower
radius increases substantially. For instance, the Molière radius of the Si-W ECAL foreseen for the
CMS Phase 2 Upgrade of the endcap calorimeter [39] is about 2 cm, practically equivalent to that
of PbWO4 crystals.
Energy resolution We propose a design of the SCEPCal calorimeter based on PbWO4
crystals that can achieve an energy resolution to EM particles of:
σE
E
=
3%√
E
⊕ 0.2%
E
⊕ 0.5% (4.1)
The left plot in Figure 14 shows the overall energy resolution of the SCEPCal module for electrons
of energy in the 1-120 GeV range. The dominant term, at low energies, is the stochastic one, and is
ultimately limited by two effects:
• photostatistics: Poisson fluctuations in the number of photoelectrons detected;
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Figure 14. Left: energy resolution to electrons as a function of the electron energy with the assumption
of a 2.4% contribution from photostatistics, a tracker material budget of 0.1 X0, and about 0.1 X0 of dead
material between layers. Right: impact of dead material between layers on energy resolution.
• shower fluctuations: shower longitudinal leakage and fluctuations in the energy deposition in
the upstream material (tracker, services).
We studied both the impact of tracker material and the impact of the dead material due to
services and readout for the two timing layers (T1,T2) and the front ECAL layer (E1). For a typical
tracker design proposed for future e+e− colliders, the material budget is equivalent to about 0.1 X0
([2, 40]) and has an impact of less than 0.01 in quadrature on the stochastic term. The material
budget for services and readout is typically dominated by the Aluminum plates required for the
cooling system, which can be about 3 mm thick, i.e. 0.03 X0 for each plate. For a fixed tracker
material budget of 0.1 X0, by varying the material budget for each of the three readout layers in
front of the ECAL segments (T1,T2,E1), we concluded that if the radiation length per layer is kept
below 0.05 X0 the stochastic term of the energy resolution is below 2.4% as shown in Figure 14.
The other source of energy fluctuations (contributing to both the stochastic and the constant
term) is due to partial longitudinal containment of the shower. The impact of the SCEPCal length
on the energy resolution has been studied, and the results, reported in Figure 15, can be used for a
performance-cost optimization of the detector. A total crystal length (front+rear segments) of more
than 21 X0 is required to keep the constant term below 1% and the contribution to the stochastic
term below 2.0%. The performance drop for a shorter crystal calorimeter, down to 19 X0, mainly
impacts energetic photons and electrons with up to a 2% constant term.
The photostatistic term is driven by the Poisson fluctuations due to a finite number of photo-
electrons detected:
Nphe = LY · LCE · PDE (4.2)
in which LY is the number of scintillation photons produced by the crystal per MeV of deposited
energy, LCE is the light collection efficiency, defined as the fraction of light that reaches the SiPM
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Figure 15. Left: SCEPCal energy resolution to electrons in the energy range from 0.5 to 45 GeV for
different total radiation lengths of the crystal (E1+E2). Right: evolution of the energy resolution of the
SCEPCal at 1 (approximation of the stochastic term) and 45 GeV as a function of the total crystal length in
units of radiation length X0.
and PDE is the photon detection efficiency of the SiPM. For PbWO4, a light yield of about 200
photons per MeV is assumed (supported by extensive measurements performed on CMS ECAL
crystals [41]) and a PDE of 20% weighed over the PbWO4 emission spectrum (peaking at 420 nm),
which can be achieved with 10 µm cell size SiPMs. The light collection efficiency is affected by
the quality of the crystal surfaces (polishing), geometry of the crystal (length, width, tapering),
wrapping material and optical coupling to the SiPM (refractive index of the glue and of the SiPM
entrance window).
The light collection efficiency increases for shorter crystals due to less self-absorption of the
scintillation light, and increases linearly with the fraction of the crystal end face covered by the
photodetector. For the SCEPCal crystal segments, which are shorter and narrower than typical
dimensions used in CMS PbWO4 or L3 BGO calorimeters, the LCE varies between 2 and 20%
for SiPMs of active area between 10 and 100 mm2. We conservatively assume a LCE of 5% for
a 5 × 5 mm2 SiPM, which thus yields about 2000 photoelectrons per GeV and contributes to the
stochastic term of the energy resolution with about 2% in quadrature.
The constant term of such a detector due to shower sampling fluctuations is of the order of
0.5%, small compared to other contributions such as the channel inter-calibration procedure, which
typically bring this term up to about 1%.
In the proposed design the noise term can be neglected since SiPMs (proposed for the readout)
have a large gain of the order of 105 which makes the electronic noise fluctuations negligible with
respect to the signal. Similarly, the dark count rate of the SiPM is typically below 1 MHz/mm2,
yielding less than 200 MHz even considering the extreme case where both the front and rear SiPMs
have an active area that covers the entire crystal end face (200 mm2). For a signal integration gate
of 100 ns (10 times the PbWO4 decay time), this corresponds to less than 5 photoelectrons noise
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and contributes to the energy resolution with about 0.2%/E , which is entirely negligible.
SiPMs with active area of 25 mm2 and cell size of 10 µm consist of more than Ntot = 2.5×105
cells and can cover the entire dynamic range from 1 to 100 GeV. A further extension of the dynamic
range by about a factor of two could be achieved by exploiting SiPMs with cell size of 7.5 µm.
Non-linearities in the SiPM response due to the limited number of cells is a well-known effect
and can be corrected for [42]. The real number of photons impacting on the SiPM, Nph, can be
estimated based on the measured signal (i.e. the number of SiPM cells, Nf ired, that actually fired)
according to the equation: Nf ired = Ntot · (1 − exp(−Nph ·PDENtot )).
Particle identification The identification of heavy hadrons based on their time-of-flight, is
enabled by the excellent time resolution of 20 ps from the timing layers. This is particularly relevant
in the region where the minimum energy loss per track length by charged particles (dE/dx) is
around 2 GeV and thus discrimination between pions and kaons is typically not possible. A clean
discrimination between electrons and pions is also possible based on shower profile. The energy
deposits in the 4 SCEPCal longitudinal layers for electrons and pions of 45 GeV energy are shown
in Figure 16. The different patterns of energy depositions represents a powerful tool for particle
discrimination.
Regardless of their energy, pions will mainly interact as MIPs in the thin timing layers (T1,T2)
while electrons are more likely to shower and be detected as multiple MIPs, with on-average a
larger signal in T2. Similarly, in the ECAL segments, the pions will mostly behave as MIPs unless
a shower is initiated. However, in both cases the ratio of the energy deposit in the rear (E2) with
respect to the front (E1) segment will show a clear footprint that can be clearly distinguished from
that of an electron regardless of their energy. This is shown in Figure 17 where events from both
electrons and pions are displayed. A simple two-dimensional discrimination based on estimators
of transverse and longitudinal shower profiles can yield an electron efficiency of 99% at 99% pion
rejection. More sophisticated combination of the information and the use of a convolutional neural
network could be used to further improve the discrimination power.
In addition, differences in the measured signal pulse shape could also be exploited in some
cases to provide further insights on the secondary particle composition of calorimeter clusters (e.g.
γ and K0L), as recently investigated for the Belle II CsI crystal-based calorimeter [43].
4.4 Combining a crystal ECAL with a dual-Readout HCAL
To achieve the desired resolution for jets, as discussed in Section 2, a calorimeter with resolution
for neutral hadrons better than 45%/√E is required. To meet such a requirement, it is necessary to
reduce the contribution to the energy resolution from fluctuations of the electromagnetic component
of the hadron shower (driven by the number of pi0s) as discussed in [10]. A calorimeter capable of
measuring the EM fraction of the shower on an event-by-event basis should thus be used.
Several ideas have been put forward, in this context, exploiting differences in the calorimeter
response to the hadron and EM components. For instance, a correlation between the EM fraction
of the shower and its time development has been proposed in [44] (dual-gate approach). A
more common and broadly studied approach is the so-called dual-readout (DRO) in which the
simultaneous measurement of the Cherenkov and scintillation light signals is performed, and their
ratio is used as an indicator of EM fraction [10]. This exploits the fact that the EM component of
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Figure 16. Energy deposits in different crystal layers (timing for the left plots, ECAL for the right plots) for
electrons (top) and pion (bottom) of 45 GeV momentum.
the hadron shower is dominated by light charged particles which are more relativistic and produce
a larger Cherenkov signal.
The possibility to develop a crystal-based hadron calorimeter with dual-readout capability
has a long history, and several designs have been proposed [45–47]. The performance of a fully
homogeneous hadronic calorimeter made of crystals where dual-readout capabilities are combined
with PFA was also simulated, indicating that an outstanding energy resolution to hadrons could be
achieved [48]. However, the actual implementation of such an option is strongly disfavored due to
the high cost related to the large crystal volume required.
A hadron calorimeter made of several longitudinal layers that alternate an absorber material
with two or more sensitive materials (scintillators, Cherenkov radiators, neutron-sensitive elements)
optimized for detection of different components of the hadronic shower has also been proposed
recently. Such a design could present several advantages but, to achieve sufficient energy resolution,
would require a high sampling fraction, i.e. a large number of active layers and of readout channels.
Another approach, which has been extensively investigated by the DREAM collaboration in
the last decades, consists of a sampling calorimeter where two different active media in the shape of
fibers are embedded in an absorber structure [10]. Some challenges in the practical implementation
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Figure 17. Left: ratio of the energy deposit in the front and rear ECAL layer as a function of the ECAL
energy deposit divided by the beam energy. Red (blue) scatter plots are for pions (electrons) of 10, 45, 120
GeV energy. Right: ratio of the energy deposit in the front and rear ECAL layer as a function of R25 defined
as the ratio of energy in the central crystal (particle impact point) and the total energy deposited in a 5 × 5
crystal matrix around the central crystal.
of such a design exist nonetheless. In this context, a recent proposal has been made to build the
calorimeter out of sensitive fibers encased in brass tubes, which are then assembled and glued
together. Based on this latter approach, the calorimeter proposed for the IDEA detector at future
lepton colliders is designed to work for both electromagnetic and hadron showers detection with a
performance of about 15%/√E and 25%/√E respectively.
While the performance for hadron showers detection is outstanding, the performance of EM
shower is limited. Figure 18 shows a comparison of electron shower profiles and Molière radii
between homogeneous crystals and the fiber-based calorimeter described above and illustrates how
the former option could yield a smaller Molière radius. In addition, to maintain a resolution for
EM particles better than 15%/√E , the design of the calorimeter in terms of sampling fraction
becomes very demanding and requires a large number of sensitive fibers with sizable impact on
the detector cost. However, the introduction of a crystal electromagnetic calorimeter with dual
readout capabilities can solve these problems, easing the design requirements of a pure fiber-based
caloroimeter, while maintaining excellent hadron resolution (see Section 4.4).
Such possibility was first explored by the DREAM collaboration through a set of beam tests
where a BGO crystal ECALmodule was placed in front of a dual-readout (DRO) hadron calorimeter
tower [49, 50]. The applicability of dual-readout for several crystals was verified (BGO, BSO,
PbWO4 with and without Molybdenum codoping). It was shown that the DRO method can still
be applied for those events in which the hadron shower starts in the ECAL segment. However, the
overall results obtained were limited by a poor initial performance of the ECAL calorimeter due to
a suboptimal configuration of the photodetectors. In particular, the need to detect both Cherenkov
and scintillation light using the same photodetector required to quench the scintillation signal to
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Figure 18. Left: longitudinal shower profile for 60 GeV electrons in a fiber DRO HCAL compared to that
of a PbWO4-based SCEPCal (the inset in the plot shows the transverse shower profile). Right: comparison
of Molière radii between homogeneous crystal calorimeters (PbWO4, BGO, CsI) and the fiber DRO HCAL.
a level that allowed the Cherenkov contribution to be distinguished from the measured waveforms
but lead to a very poor photostatistic dominating the stochastic term of energy resolution.
In the following, we investigate further the potential of combining the dual-readout information
from a crystal-based ECAL with that from the HCAL and demonstrate that the two systems can
be combined to provide an efficient correction for fluctuations of the EM shower component, fEM.
In particular, we combine the SCEPCal calorimeter described in Section 4.3 with a DRO HCAL
made of fibers inserted into brass tubes as described in Figure 11, each with a substantially better
performance than the calorimeters tested in [49].
Dual-readout method in a hybrid calorimeter The response of such a calorimeter to
single electrons and neutral kaons (K0L) in the energy range (5-300 GeV) was studied using a
standalone Geant4 simulation. The dual-readout method relies on the simultaneous measurement
of a scintillation (S) and Cherenkov (C) signal and on solving the following system of equations to
estimate the energy, E , of the incoming particle:
S = E
[
fEM + 1(e/h) |S (1 − fEM)
]
C = E
[
fEM + 1(e/h) |C (1 − fEM)
] (4.3)
According to Equations 4.3, the electromagnetic fraction of shower has a one-to-one correspondance
with the measured C/S ratio which can thus be directly used to perform a correction on the measured
signal. The following steps were thus performed to reconstruct particle energies in the simulated
hybrid calorimeter by exploiting dual-readout in both the ECAL and HCAL sections:
1. Evaluate the C and S response of the hadronic section to electrons and calculate the cor-
responding sampling fractions, defined as the energy deposited in the active volume with
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Figure 19. Left: correlation between the CHCAL signal C/S signal measured in the HCAL for events that
do not interact in the SCEPCal. Right: correction curve for different hadron energies.
respect to the particle input energy and calibrate them such that for a pure electromagnetic
shower 〈C〉 = 〈S〉 = E;
2. Calculate the C/S HCAL correction using hadrons not interacting in the SCEPCal section;
3. Apply the HCAL DRO correction on the energy deposit in the HCAL;
4. Calculate the C/S ECAL correction using hadrons interacting in the SCEPCal section;
5. Apply the ECAL DRO correction on the energy deposit in the ECAL;
6. Sum the DRO-corrected and calibrated responses of the ECAL and the HCAL segments.
The sampling fraction of the SCEPCal, ξECAL, is close to 100% by construction, since all the
energy is deposited in the crystal except for shower leakages and the very small energy deposited in
the services or reflectivematerial between crystals. The sampling fraction for theHCAL scintillating
(S) fibers (simulated as plastic scintillators of the BC type from Saint-Gobain), ξHCAL, is about 3%.
Stochastic fluctuations due to photostatistics are neglected at first, and studied in detail in Section 4.4.
Charged hadrons passing through the ECAL deposit at least a minimum energy corresponding
to that of a MIP, about 10 MeV/cm in PbWO4 (9.2 MeV/cm in BGO). Conversely, neutral hadrons
do not produce ionization in the SCEPCal unless they start showering, producing secondary charged
particles. For the simulated beam of neutral kaons, we consider at first events that do not deposit
energy in the SCEPCal section and define a DRO correction based on the ratio of the Cherenkov and
scintillation signals (C/S) measured in the HCAL, f(C/S)HCAL . The obtained curve is, as expected,
independent of the beam energy as shown in Figure 19. For electron showers about 6000 Cherenkov
photons per unit energy are produced in the quartz fibers within the range of wavelengths from 300
to 1000 nm. For neutral kaon showers, the Cherenkov signal per beam energy increases as expected
when C/S approaches one, i.e. when the hadron shower is dominated by the EM component, fEM. In
Figure 19 and in the following, the Cherenkov signal, C, is for simplicity normalized to the number
of photons produced when fEM = 1.
The obtained function can then be used to correct, event-by-event, the HCAL energy deposit
for all events, including those with energy deposited in the SCEPCal, improving the hadron energy
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Figure 20. Left: correlation between the C signal and the C/S ratio measured in the SCEPCal for events
that deposit a fraction of energy in the SCEPCal. Right: correction curve for different hadron energies.
resolution. Nonetheless, the fraction of the hadronic energy deposited in the SCEPCal is still
subject to fluctuations of the EM component of the shower developed in the ECAL section and thus
degrades the overall energy resolution of the combined SCEPCal+HCAL calorimeter.
To correct for these fluctuations in the ECAL, we look at the ratio of the C and S signals
measured by the SCEPCal. No clear correlation is observed between the C/S in the ECAL and the
C/S in the HCAL indicating that the way the hadron shower develops in the HCAL, (e.g. number of
pi0’s) is independent of the fEM in the ECAL. Thus it is not possible to correct for fEM fluctuations
in the ECAL based on the C/S measured in the HCAL.
As expected, correlation is instead observed between the C/S in the ECAL and the Cherenkov
(or scintillation) signal measured in the ECAL, as shown in Figure 20. Such a correlation is mostly
independent of the beam energy and can thus be used to correct for the fEM fluctuations.
Exploiting this second correction, f(C/S)ECAL , the total reconstructed energy can be written as:
Ecorrtot =
EHCAL
ξHCAL
· f(C/S)HCAL +
EECAL
ξECAL
· f(C/S)ECAL (4.4)
This equation provides an energy independent method for correcting the fEM fluctuations and leads
to Gaussian and narrower energy distributions, achieving an overall energy resolution at the level
of 28% ⊕ 2% and a linearity within 2% over the 5-300 GeV energy range, as shown in Figure 21.
The calorimetric performance in measuring hadrons achieved with the hybrid dual-readout system,
including the ultrathin-bore solenoid between the ECAL and the HCAL segment, is close to that of
a pure dual-readout HCAL. In particular, the stochastic term of the energy resolution, which drives
the contribution from low momentum neutral hadros to the jet resolution, is almost identical. A
slightly larger constant term is observed and is attributed to the intrinsic limitation of a system that
combines segments with different e/h ratios, and to the material budget from the ECAL services
and the solenoid. Nonetheless, the difference in resolution remains small and within the target
performance discussed in Section 2.
Implementation of dual-readout in the SCEPCal While for the hadronic segment the
dual-readout method can be implemented by reading separately the scintillating and quartz fibers,
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Figure 21. Response to neutral kaons in terms of energy resolution (left) and linearity (right) for a
dual-readout hybrid calorimeter consisting of the SCEPCal followed by an ultrathin-bore solenoid and a
dual-readout fiber HCAL.
a different approach should be used for the crystal electromagnetic section. Scintillation and
Cherenkov photons are simultaneously and abundantly generated inside crystals due to relativistic
charged particles produced in electromagnetic showers. For example, the high density and refractive
index of lead tungstate (n = 2.1) is such that for each MeV of deposited energy, about 56 Cherenkov
photons are produced with a 1/λ2 distribution in the range of wavelengths from 300 to 1000 nm. To
measure accurately the C and S signal in the SCEPCal three possible methods can be considered:
1. Dual-SiPM method: Use of two separate SiPMs (with wavelength filters) coupled to the far
side of the rear crystals and optimized to detect mainly the S and C photons as discussed
below;
2. Time constants: Exploitation of the different time constants of C photons (emitted promptly)
and S photons (emitted accordingly to the scintillation decay time);
3. Dedicated Cherenkov radiator: Introduction of specific C-sensitive elements (e.g. quartz
or undoped crystals) nested within the scintillating crystal matrix, e.g. at the corners of the
crystals.
For all methods, it is important to detect a sufficient number of Cherenkov photons (C) such
that the stochastic fluctuations due to photo-statistic are not a limitation to the precision of the
dual-readout correction. A smearing to the C signal from the Geant4 simulation was applied,
corresponding to Poisson fluctuations for different assumptions for the Cherenkov light detection
efficiency, and the impact on the overall hadronic resolution was evaluated for each case. The
results are shown in Figure 22. We estimate that a minimum of 50 C-photoelectrons/GeV is needed
to maintain the stochastic term of the calorimeter energy resolution below 28%/√E . The constant
term instead is only marginally affected since at higher energies, even for a small yield of C-photons,
the signal is sufficiently large that Poisson fluctuations are negligible.
Since the hadrons interacting in the SCEPCal deposit energy mostly in the rear ECAL segment,
it is not necessary to instrument the front segment with dual-readout capabilities. The performance
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Figure 22. Left: energy resolution as a function of particle energy under different assumption of Cherenkov
photon yield (C), from 1 phe/GeV to more than 1000 phe/GeV compared with the energy resolution for a
pure HCAL (black) and for a hybrid SCEPCal+HCAL calorimeter where no dual-readout in the SCEPCal is
present. Right: impact of photostatistic on the stochastic term of the hadron energy resolution.
achieved by applying a dual-readout correction based on the C/S measured in the rear segment
only is the same within statistical fluctuations to that of a full SCEPCal dual-readout as shown in
Figure 21. This simplification reduces by a factor of two the number of channels required for the
readout of the C-component.
In the following, we discuss the possibility to measure the S and C components using theDual-
SiPM method. As shown in Figure 23, different crystals may require a different optimization of the
readout scheme for optimal separation of the detected S and C signals. For instance, BGO crystals
show a larger Stokes shift with respect to PbWO4, providing a wider transparency window for
Cherenkov photons in the 300-400 nm range. For this reason, the BGO potential for simultaneous
Cherenkov and scintillation detection has also recently triggered new interest because of its possible
exploitation in Time-Of-Flight Positron Emission Tomography scanners [51].
On the other hand, the scintillation emission peak for PbWO4 is closer to the UV (420 nm), and
leaves a larger window for detection of Cherenkov photons in the region between 550 and 1000 nm.
A further advantage of exploiting large-wavelength Cherenkov photons is the better transparency
of the crystal in this region, which leads to a more uniform and linear response of the C component.
Other variants of these crystals can be explored and further developed, for instance, bismuth silicate
(Bi4Si3O12, BSO) features a smaller light yield and faster decay time than BGO [52, 53] and PbWO4
doped with Molybdenum shifts the emission peak towards 500 nm [54].
Being a highly segmented calorimeter, the SCEPCal features shorter and smaller crystals
with respect to previous crystal calorimeters (e.g. CMS ECAL), leading to an improved light
collection efficiency. This effect, quantified using aGeant4-based ray-tracing simulation, is shown
in Figure 24, where the light collection efficiency for both scintillation and Cherenkov photons is
shown as a function of the crystal length.
Based on recent developments in photodetector technologies, in particular in SiPMs, wepropose
to instrument the rear crystals with two different SiPM technologies, featuring peak sensitivities
(PDE) in different wavelength regions. For example the FBK-NUV-HD technology [23] with
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Figure 24. Left: local light collection efficiency for scintillation light along the SCEPCal for both the front
and rear segments when varying the length of the rear crystal segment (E2). Right: average light collection
efficiency for scintillation and Cherenkov light for the rear segment (E2) as a function of crystal length.
maximum PDE at around 420 nm would be well-suited for the detection of S photons in PbWO4
while the FBK-RGB-HD technology [22] with peak PDE at 550 nm (extending up to 1000 nm) can
better detect the C photons above 550 nm. A SiPM cell size of 7.5−10 µm would be optimal for the
readout of the abundant scintillation photons and provide a large dynamic range. A larger cell size on
the order of 15− 25 µm, would instead be optimal to readout the C component that requires a larger
photon detection efficiency. The use of a filter to remove wavelengths above 550 nm on the SiPM
optimized for S-light detection would minimize the contamination of Cherenkov photons to the
measured light signal P1. Similarly, by applying on the window of the SiPM optimized for C-light
detection a high pass optical filter, removing wavelengths below 550 nm, the scintillation photons
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Table 2. Photon yield for both Cherenkov and scintillation light in response to a 45 GeV electron shower in
the rear SCEPCal segment assuming a PbWO4 crystal and the SiPM spectral sensitivity shown in Figure 23
(left).
Scintillation fS Cherenkov fC
[photons/GeV] [%] [photons/GeV] [%]
Generated 200000 100 56000 100
Collected 10000 5.0 2130 3.8
Detected by NUV SiPM #1 (λ < 550 nm) 2000 1.0 140 0.25
Detected by RGB SiPM #2 (λ > 550 nm) < 20 < 0.01 160 0.3
could be largely excluded from the measured signal P2. Our simulation estimates that about 160
C-photoelectrons per GeV can be measured from the rear SCEPCal segment (E2) with negligible S
contamination. A summary of the estimated photon yields for Cherenkov and scintillation photons
for such a configuration (PbWO4 crystal with two SiPMs and optical filters) is reported in Table 2.
Exploiting this dual-SiPM method, the S and C components can then be extracted from the
simultaneous light measurements from the pair of SiPMs, P1 and P2, according to the equations:{
P1 = fS,1 · S + fC,1 · C
P2 = fS,2 · S + fC,2 · C
(4.5)
where fS,1 ( fS,2) and fC,1( fC,2) are respectively the fraction of S and C components measured by
the first and second SiPM. As long as a sufficient contrast between the S and C signal is maintained
in each SiPM (i.e. ( fC,1 · C)/( fS,1 · S) . 0.1 and ( fS,2 · S)/( fC,2 · C) . 0.1), as is the case for the
numbers reported in Table 2, the solution of the system 4.5 provides an accurate estimate of the
pure C and S components that can be used for dual readout corrections. The scintillation light yield
from PbWO4 is small enough that it would contribute as only about 12% to the measured C-signal
with an RGB SiPM and the 550 nm filter. The possibility to exploit the different time constants of
S and C could further reduce such contamination.
Cost optimization of the dual-readout HCAL In the combined hybrid calorimeter system
presented above, excellent resolution, as well as high transverse segmentation for EM showers,
are provided by the SCEPCal segment. The cost of the system can be reduced by having a
coarser segmentation for the transverse granularity and sampling fraction of the HCAL. We have
studied this possibility by varying the outer diameter (OD) of the brass capillaries while keeping
the fiber and inner tube diameters unchanged. In this way, the sampling fraction and number of
channels decrease with larger outer diameter of the brass tubes. As shown in Figure 25, if the
electromagnetic resolution requirement of dual-readout fiber calorimeter is relaxed, the brass tube
thickness can be increased to 3–3.5 mmwith marginal impact on the hadron resolution but a relative
channel reduction and cost decrease scaling approximately with 1/OD2. In particular, because of
the presence of the crystal ECAL, which maintains an excellent EM resolution independently of the
brass tube size, the hadronic resolution of the combined hybrid calorimeter is comparable or better
than a pure HCAL for outer diameters larger than 3 mm. This is attributed to the fraction of hadron
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Figure 25. Performance of the calorimeter system in terms of stochastic (left) and constant (right) term
of the energy resolution to both electrons and pions, with and without the SCEPCal and by varying the
dimension of the outer brass tube diameter in the fiber HCAL.
energy deposited in the SCEPCal which is always measured accurately regardless of the sampling
fraction in the HCAL segment.
4.5 Discussion
The performance of future detectors for e+e− colliders should provide sufficient resolution to
measure jet energy at the level of 3% at 50 GeV. The event reconstruction will likely exploit all the
information collected from different sub-detectors as in the particle flow approach. In this context,
the key to improved jet energy resolution was assumed to be mainly the calorimeter granularity.
We showed, however, that a calorimeter capable of providing excellent energy resolution for the
neutral component of the jet is crucial. In particular, in events characterized by a dense jet topology,
the possibility of reconstructing pi0’s from the multitude of photons represents an excellent tool to
enhance the correct assignment of photons to the corresponding jet, further boosting the performance
of Particle Flow algorithms.
To achieve such performance, we propose a hybrid calorimeter design consisting of a high-
resolution electromagnetic calorimeter made of segmented crystals placed in front of a fiber-based
dual-readout hadronic calorimeter. The combination of these two technologies has the following
features:
• Excellent EM resolution (3%/
√
E instead of 10-15%/
√
E) to enable efficient recovery of
bremsstrahlung photons and pre-clustering of pi0 photons to enhance the performance of jet
clustering algorithms;
• More compact EM showers: smaller Molière radius and radiation length;
• Longitudinal segmentation to enhance particle identification and PFA performance;
• Possibility to incorporate a thin solenoid after the ECAL with no degradation of the ECAL
resolution;
• Fewer constraints on the design of the HCAL section allowing a cost reduction (e.g. smaller
sampling fractions, thus fewer readout channels);
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• Energy resolution to neutral hadrons better than 30%/√E to maintain the contribution to 50
GeV jet resolution below 1.5%.
5 Summary
We have explored in this work major innovations in collider detector performance that can be
achieved with crystal calorimetry when high granularity segmentation and dual-readout capabilities
are combined with a new high EM resolution approach to PFA in multi-jet events such as Higgs
factory ZH all-hadronic final-states. In particular, a calorimeter with EM resolution at the level of
3%/√E can effectively improve the resolution of the recoil mass of the Z boson decay into electron
pairs in ZH events to 80% of that for muon pairs by improving the electron momentum resolution
through the recovery of bremsstrahlung photons. In addition, we show that such a calorimeter has
sufficient resolution to efficiently cluster the multitude of photons from pi0 decays in multi-jet events.
Exploiting a graph-based approach through a BlossomV algorithmwe demonstrate that the fraction
of photon pairs correctly clustered into pi0 over those wrongly clustered is a factor of five better for
a 3%/√E EM resolution with respect to a 30%/√E case. With such clustering, applied in advance
of the jet clustering algorithms, the efficiency in correctly assigning photons to the corresponding
jet is improved by a factor of three for the worst jet in 6-jets event topologies with potential benefical
impact on both the jet angular and energy resolution. We present the design and optimization of
a segmented crystal electromagnetic calorimeter with 3%/√E energy resolution and demonstrate
how it can be combined with a dual-readout HCAL to achieve a resolution to neutral hadrons better
than 30%/√E . Such a hybrid system provides room for additional independent optimization of the
two calorimeter segments in terms of cost and achieves the best performance on both photons and
neutral hadrons while maintaining a high-level of timing, segmentation and particle identification
for PFA. The calorimeter concept discussed in this paper, can represent a forward evolution of the
use of crystal calorimeters at future lepton collider experiments and open new perspectives for the
exploitation of high-resolution EM calorimeters within the PFA approach.
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